A B S T R A C T Calcium and phosphate transport was examined in rabbit thin descending, thin ascending, and thick ascending limbs of Henle by in vitro perfusion of isolated tubular segments. Permeability coefficients for these segments with 45Ca and 32P04 were determined for both lumen-to-bath and bathto-lumen directions. Both the thin descending and thin ascending limbs were found to be relatively impermeable to both 45Ca and 32PO4. In neither segment were we able to show evidence for net transport of calcium or phosphate. In contrast, the thick ascending limb of Henle showed a decrease in calcium lumen-to-bath concentration from 0.97±0.02 to 0.88 +0.02 when perfused at 4.8 nl min-'. 45Ca lumen-tobath and bath-to-lumen fluxes were 19.96+1.05 and 9.89±0.02 peq min-l cm-1, respectively, and the potential difference was +3.8±0.3 mV (lumen positive).
INTRODUCTION
It is now generally accepted that both calcium and phosphate are reabsorbed in that portion of the proximal convoluted tubule accessible to micropuncture (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Furthermore, micropuncture studies have suggested that net calcium reabsorption takes place between the late part ofthe proximal convoluted tubule and early portions of the distal tubule (1, 3-7); whereas, there does not seem to be any net transport of phosphate between these two micropuncture sites (3) (4) (5) (6) (7) (8) . However, no previous studies have directly examined the segmental transport properties of the loop of Henle with respect to calcium and phosphate. It, therefore, was the purpose of the present studies to examine the characteristics of calcium and phosphate transport in the thin descending (DLH),' thin ascending (tALH), and thick ascending (TALH) limbs of Henle utilizing the technique where isolated segments of rabbit nephrons are perfused in vitro (12) .
METHODS
Female New Zealand white rabbits were fed a standard laboratory chow diet and had free access to water before sacrifice. The appropriate tubule segments were dissected from a small slice of kidney obtained immediately after sacrifice. During dissection the kidney slice was immersed in a dish of chilled rabbit serum, oxygenated and kept at pH 7.4 by gassing with 95% 02 and 5% CO2. After dissection, the isolated tubular segments were transferred to a temperature controlled perfusion chamber which was kept at 37°C. Positive identification ofthe thin descending and ' Abbreviations used in this paper: CP, collected-to-perfusate; DLH, thin descending limb of Henle; PD, potential difference; tALH, thin ascending limb of Henle; TALH, thick ascending limb of Henle.
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thin ascending limbs was accomplished by observing their transition to pars recta and thick ascending limbs, respectively (13) . The two ends of the tubular segments were sealed into the glass pipettes with Sylgard 184 (Dow Coming Corp., Midland, Mich.). Unless otherwise specified, NaCl/HCO3 buffer (composition in mM: NaCl, 115; NaHCO3, 25; Na acetate, 10; KC1, 5; CaCl2, 1.0; MgSO4, 1.2; NaH2PO4, 1.2; glucose, 5.5) was used as a bath and perfusion solution. Pre-equilibration of perfusion solution with 95% 02 and 5% CO2, and continuous bubbling of bath with the same gas mixture maintained the pH of both fluids at 7.4. At this pH approximately 80% of the total calcium in both perfusate and bath was in the ionized form (14) . The tubular perfusion rate was controlled by varying the height of a column of water connected to the end of the perfusion pipette. Inside tubular diameter was measured from photographs obtained during the experiment. Timed tubular fluid samples were collected for analysis under mineral oil by aspiration into a calibrated pipette. All measurements were obtained 90-120 min after the initiation of perfusion of a given nephron segment.
Net water reabsorption (Jv) was measured with ["4C] or [3H]inulin or [125I ]iothalamate in the perfusate as a volume marker. Jv was calculated as Vi-Vo/L where Vi is the perfusion rate, Vo the collection rate and L the length of tubule studied. (Tubule length can be measured to within 0.05 mm with a precalibrated micrometer in one eyepiece of the inverted microscope used to observe perfusion.) Vo was directly measured by using the collection time while Vi was calculated as total counts per minute of volume marker in collected fluid divided by the product of volume marker counts per minute per nanoliter in perfusion fluid and collection time.
The permeability coefficient for calcium and phosphate was determined by measuring the rate of appearance or disappearance from the luminal fluid of the respective isotope added either to the bath or to the perfusate. When bidirectional fluxes of calcium were measured in the same tubule, successive determinations of each unidirectional flux were made. In these experiments perfusate was changed by introducing new perfusate through a small polyethylene tube that had been advanced to the tip of the perfusion pipette. In the initial three consecutive collections 45Ca was added to the bath, and its appearance rate into the collected fluid was monitored. 45Ca was then removed from the bath by exchanging it at least three times with new bath fluid containing no isotope. Perfusate containing 45Ca was then introduced into the perfusion pipette as described above. Completeness of bath and perfusate exchange was monitored by sampling each. After at least a 30-min equilibration time, 45Ca efflux was measured during three successive collections.
In In experiments with no net water reabsorption, the permeabilities were calculated according to (15) (Cb-Cl) is the logarithmic mean concentration gradient between the bath and collected fluid isotope concentration.
In those experiments in which the bidirectional fluxes were measured successively in the same tubule, the bath to lumen permeability coefficient (Pbl) was calculated by (13) The results are expressed as mean±standard error. The data for each tubule includes the mean of two to four collection periods per tubule depending on the experimental protocol. All results were tested for significance with Student's t test.
RESULTS
Thin descending limb. The permeability coefficients for 45Ca were determined under conditions of zero net transport of fluid with NaCl/HCO3 buffer (pH 7.4) as the perfusate and bath. The results of nine experiments are summarized in Table I and indicate the relatively low permeability of 45Ca from bath to lumen (0.92±0.28 x 10-5 cm s-1) as well as from lumen to bath (0.76±0.41 x 10-5 cm s-1). Under these experimental conditions there was no evidence of net calcium transport. Experiments were conducted to determine if there is significant efflux of 45Ca when the thin descending limb is exposed to a hyperosmotic bath (to simulate in vivo conditions of osmotic water extraction). In these experiments the collected to perfused ratio of 45Ca counts per minute was compared to the collected to perfused volume marker ratio during conditions in which the bath was isosmotic and during conditions in which the bath was hyperosmotic (via NaCl addition to bath). As stated previously the perfusate composition was such that all of the calcium was in its ionized form. Fig. 1 is a plot of the col- (Table II) . However, the bath-tolumen permeability calculated from the influx of H232P04 added to the bath was 1 Since previously the thin ascending limb has been shown to exhibit very high permeabilities to monovalent ions such as Na and Cl (13) , the apparent ion selectivity was confirmed by determining isotopic bath to lumen permeabilities to 32P04, 45Ca, and 36C1 in the same tubules. Thick ascending limb. Calcium and phosphate transport in the thick ascending limb was examined in segments isolated from the cortex. These tubules were perfused with NaCl/HCO3 buffer (pH 7.4) and bathed in identical solutions.
The first set of experiments was designed to determine if there was a net flux of calcium under physiologic perfusion rates. The results presented in 4 is the unidirectional flux of calcium from lumen-to-bath (lb) or bath-to-lumen (bl), 1 and b refer, respectively, to perfusate and bath; F is the Faraday constant; R the gas constant; T absolute temperature; Z is the valence of Ca and is equal to 2; and V the transtubular electrical potential. The observation of an isotopic flux ratio greater than that predicted by Ussing's equation suggests that the mechanism for calcium transport is more complex than just simple diffusion down an electrical potential gradient.
Another series of experiments was designed to examine the effect of ouabain and transtubular PD on both the efflux and influx of 45Ca across the TALH. It is of interest that ouabain decreased the PD from +3.5±0.1 to +1.1+0.3 mV, (P <0.001), while the calcium efflux decreased slightly from 29.5±5.3 to 23.68±5.11 peq cm-l min-' (P < 0.005). Therefore, a 67±7% reduction in the PD was associated with only a 21±6% reduction in calcium efflux. This Previous micropuncture studies have generally indicated that less calcium reaches the early distal tubules than was present at the last accessible portion of the proximal convoluted tubule (1, (3) (4) (5) (6) (7) (8) while no net movement of phosphate occurs between these two points (3) (4) (5) (6) (7) (8) . The present studies extend these previous studies and show that: (1) (Table II) even though it might be argued that the micropuncture studies may have represented counterbalancing effects of phosphate reabsorption and secretion by different segments of the loop. The published information in regard to calcium transport by the DLH is less clear. Though all studies have shown that the tubular fluid-toplasma calcium concentration is higher in the fluid obtained from the bend of the loop than the fluid collected from end proximal convoluted tubule, Jamison et al. (19) have recently shown that net reabsorption of calcium occurs between these puncture points. It must be remembered, however, that the micropuncture techniques are not sampling fluid from the same tubules when obtaining fluid from proximal convoluted tubules in superficial cortex and comparing it to fluid from descending limb of Henle which are connected to juxtamedullary proximal tubules. Even if fluid was sampled from the same tubule, it is quite possible, as Jamison et al. (19) suggest, that the net calcium reabsorption may have occurred in the pars recta. Thus the previous in vivo studies are not at variance with the present in vitro studies which show that calcium is relatively impermeable across the DLH, Table I, and that both calcium, Fig. 1, and phosphate, Fig. 2 , are raised to a higher concentration by virtue of water abstraction when these segments are perfused in bathing fluid made hyperosmolal by addition of NaCl to the bath. It is of interest that the present studies with calcium and phosphate are strikingly similar to the previous in vitro perfusion studies which revealed that the DLH is essentially impermeable also to K (20) , Na (21) , and urea (22) while being highly permeable to water (21) Table V . It is difficult to compare the capacity of the calcium transport system to the previously reported capacity of the chloride pump. The present Ca++ lumen-to-bath ratio of 0.88 is higher than the previously reported (17) Cl lumen-to-bath ratio of 0.77, however, the luminal fluid contact time was longer in the chloride experiment. Furthermore, the chloride concentration is decreased against a potential gradient while the calcium concentration is decreased down a favorable potential gradient.
We next examined the effect of ouabain on the efflux and influx of calcium across the TALH. In previous studies we have shown that 10 ,uM ouabain reversibly decreased the magnitude of the transtubular PD (17) . Similarly in the present studies 10 ,uM ouabain, when added to the bath, decreased the transtubular PD, Table VII . There was a slight but significant (P < 0.01) decrease in the unidirectional lumento-bath flux of Ca++, In summary, the present studies are the first to examine directly the characteristics of calcium and phosphate transport across those nephron segments which make up the loops of Henle. In these studies it was shown that no net transport of phosphate or calcium occurs across either the thin descending or thin ascending limb of Henle and also that no net phosphate transport could be demonstrated across the thick ascending limb of Henle. Furthermore, it was shown that the thick ascending limb of Henle does have the capacity for net reabsorption of calcium which is not affected to a major degree by ouabain. However, it must be remembered that all of these findings were obtained by perfusing isolated nephron segments of rabbit in vitro, and it is not known whether these results can be extended to in vivo conditions. ACKNOWLE DGMENTS
